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Summary

C-type lectinlike domain (CTLD) proteins, are mainly known for the crucial roles they play in
vertebrate immunity. They function primarily as pattern recognitiereptors (PRRs) to identify
components of pathogenic intruders, but also as antimicrobial molecules to eliminate pathogens. In
invertebrates the exact function of CTLD proteins in immunity is less described despite of the abundance
of their encoding genes many metazoan genomes. Onetlod moststudied model organisnt
Caenorhabditis elegangparticular stands out for its enormous set of highly diversified CTLD proteins,
which has the potential to generate immune specificity. Surprisingly, their exact function and

contribution toC. elegansmmunity still remains elusive.

During my PhD | systeatically screened th€TLD gene(cleg repertoireof C. elegando identify

genes that are involved in the defense against the two bacterial patifsgei®monas aeruginosa

(PA) andBacillus thuringiensigBT). Unexpectedly, in the tested mutadiescknock-out led equally to
susceptibility and resistance to pathogen infection, indicatingcteatyenes mediate both immune
activation and suppression. Resistancele¢ mutants on BT could partially be explained by enhanced
pathogen avoidance behavior. \&fuld confirm for theelecgeneC54G4.4that it negatively regulates
behavioral immune responses and thus demonstrated for the first time that beside a potential contribution

to the physiological immune systeatecgenes might also function in behavioramunity.

In parallel to identifyingclecimmune response genes by a candidate mutant screen, we analyzed the
expression o€lecgenes upon infection and stress using a database #eganexpression data. We
identified clec4 as another interesting mdidate, due to its highly ugulated profile upon exposure

to many pathogens and stresses. Surprisinglycléee4 mutant showed resistance towards infection

with BT, which suggests a function in negative regulation of the immune response. We kathieieel

the role of one coand one contraxpressedlec4 paralog,clec41 andclec10, respectively, which

were required for defense against BT infection and both suppressed the resistance phenotype of the
clec4 mutant. These findings give hint to angglex regulation network of interactingec genes.
Moreover, we started to analyze the function of the recombinant &LgGtein in pathogen binding

assays.

Taken together, our work is the first step towards a more detailed analysis of thelesd@tEC

function in immunity at the gene and protein level.



Zusammenfassung

Proteine mit einer Qyp Lektinahnlichen Doméane (CTLDgind vor allem firihren essentiellen
Beitrag im Immunsystem der Vertebratemekannt. Dort agieren sie hauptséachlichals
Mustererkennungsrezeptoren (PS§Rndem sie pathogene Strukturmotigentifizieren,oderaberals
antimikrobielle Molekule,die Pathogene eliminieredm Immunsystem vorinvertebratenist de
Aufgabe der CTLD-Proteineweitaus wenigererforscht obwcdl deren kodierend€&ene in vielen
metazaschenGenoma zahlreich vertreten sindBesonderCaenorhabditis elegangeina der meist
untersuchten Modellorganismessticht durch seine enorme Menge stark diversifizierten CTLD
Protein@ hervor, diedas Ptenzial habennmmunspezifitt zu erzeugeDennochweild man kaum etwas
Uber diegenaue Funktion unitirenBeitrag zu Immunabwehr beC. elegans

Wahrend meiner Doktorarbeliabe ich dasRepertoire der CTLE>ene (clecs) von C. elegans
systematisch untersucht, um Gene, big@ derImmunabwehrgegen zwei bakteriell®athogene+
Pseudomonas aeruginogBA) undBacillus thuringiensigBT) z*beteiligt sind zuidentifizieren Die
getesteterkKnockaut-Mutanten zeigten gleichermal3en Resistenwie Anfélligkeit gegeniiber der
PathogeninfektiorDiesweist darauf hingdassclec-Genedas Immunsystersowohlaktivierenals auch
unterdriiclen kdnnen Die Resistenzler clecMutanten auf BT konnte teilweise durdas erhohte
Pathogengrmeidungsverhalten erklart werd@udembestatigten wirdasdasclec-GenC54G4.4das
Vermeidungsverhaltemegativ reguliettNeben der potentiellen Beteiligungnader physiologischen
Immunantwortkonntenwir somit fir clecGene erstmals einen Einflusaif das Immunverhalten

nachweisen.

Um weitere interessante Kandidaten zu ermitteln, untersuchtetewinzeitmit Hilfe einerC. elegans
Transkriptomdatenbandtie Expression voglec-Genen nach Infektion und Stre§e Wahl fiel auf
clec4, da diesesclecGen nach Infektion miteiner Melzahl von Pathogenen und Stres$n
hochregulierts Profil aufwies Die clec4-Mutante zeigte eine unerwarteResistenz gegeniber
Infektion mitBT, was mdglicherweise méine negativen Regulation der Immunantwerklart werden
kann DesWeiteren untersuchten wir zweliec4 Paralogeclec41 undclec10. Trotz CeRegulation
bzw. ContraRegulation mitclec4 wurden beide fur die Immunabwehr gegen BT benétigt und
unterdrickten zudem den Rdsiszphanotypson clec4. Diese Ergebnissdeutenauf ein komplexs
Regulatimsretzwerkhin, in demclecGenemiteinander interagierearitber hinaus haben wmit
Hilfe von mikrobiellen Bindungsexperimentéegonnendie Funktion des rekombinanten CLEC

Proteirs zu analysieren.

Zusammefassendist unsere Arbeitein erste Schritt zu einer detaillierten Analyse der genauen

clec/CLEC-Funktionim Immunsystem, sowohl auf genetischer als auch auf Proteinebene.



Introduction

In this PhD project | addresslthe immune defenses of amvertebrate hostCaenorhabditis elegans
against two bacterial pathogens, GrpasitiveBacillus thuringiensignd GrarmegativePseudomonas
aeruginosa | was particularly interested in the involvement ofy@e lectinlike domain genes and

proteinsquestoning their exact functiasin immune regulation angathogen recognition or clearance.

The model syster@. eleganswith its immune system, the pathogenic antagonists as well gsahp

of C-type lectinlike domain genes/proteingll be in detaildiscussed on the following pages

Caenorhabditis elegartthe HagshipModel ofInvertebrates

Caenorhabditis elegan(&igurel) is asmall,free-living nematodewhich occurs in natwg primarily in
rotting material?. It mainly exists as aelf-fertilizing hermaphrodite, yet males appé#requentlyin

a low percentaglR | WKH KHUPDSKURJ QLW.EPA Mthe tbRithbiny \used strain N2)ue
to a nondisjunction of the X chromosome @r approximately 50%after mating with males The
nematode passes four larval stagesl(f}, which are defined by a molting event at the eh@ach
stagdeading to reproducible adulthodd/hen exposed to stre€s elegansnay undergo an alternative
cycle where the L2 larvae entan almost indefiniteélauer stage until favorable coridits induce the

transition to the L4 stadge

mouth proximal gonad

grinder

pharynx T : - : distal gonad
i intestine

lumen

Figurel. Microscopic picture ofC. elegansermaphrodite wild type adult. Photo was takemusing ZeissAxio
Observer Z.1 (Carl Zeiss,A@na Germany with 40 x magnification. i8gle pictures were stitchednd edited
with image editingsoftware GIMP 2.8.14 (http://www.gimp.org/The scale bar represents 0.1 mm.

When Sydney Brenner firsintroducedC. elegansas model organistrhe laid the foundation for a
plethora of significantliscoveries in life sciencespme everawarded wh Nobel prizes in different
disciplines”. The reasos IRU WKH ZRUPYTV FUXVDGH WKURXJikh BreRORJLFI

numerousSuch a smaknimal +as adult it reachexboutl mm in lengthts easy and cheap to maintain



as it can be heloh large numbersen Petri dishes, fed with bacterand one life cycle from egg to adult

only takes2.5days at room temperature. The transparency facilitates to observe cellular processes under

the microscopen vivo (Figure 1) which led toa description of every ceflV IDWH DOUHDBG\ GHFDC(
not to mention the constant cell number of 959 in hermaphrodites and 1031 inHpaleser, there is

one major advantage researchers wuykvith other multicellular model organisroan only dream of:

C. elegangan be fraen unlimitedly at80 °Cand revived within minutes after thawing. Furthermore,

besides the fully sequenced gen8meariety of different genetic tools are available ranffiogn RNA

interferenc&’, comprehensive mutant libraries (e.€aenorhabdiéi Genetics Center, National
BioResource Projectand GFP taggindt (e.g. Figure 2B) to novel technologies like CRISPRa®-

mediated gene edititg Taking these facts together it is not surprising Gatlegansowadayss one

of the leading multicellular modgin research laboratories worldwideLWK D FRQVWDQWO\ JURZ
FRPPXQLW\’

C. eleganas aModelfor Sudyinglmmunity

As discussedboveC. elegangrovidesremarkableadvantages for research but what makes special

for studying immunity?

In general, the simplicity of model organisms enables scientists to focus on certain aspects postponing
the complex processes to higher organisAss.invertebrateC. elegandacks an adaptive immune
response engagingofessionaimmune cellg(e.g. T and Bymphocyte3, which facilitates research

purely on the innate immune system. The fact that common immune regulators (e, Mi#D88)

are absenbr do notplay a crucial role in immunity as in vertebrates (e.g. ¥1t), opens up the
possibility to decipher alternative mechanisms of how hast fights pathogenic intruders.
Simultaneouslykey questions on the evolution of immune systems can deesgkdas defensve

strategie®f vertebratesnd invertebrateshare impressive similariti&s

+RZHYHU G HY¥YS8ic'ihruRel rdspénstfe nematode exhibiexceptionastrategies to sustain

in a microberich environment

BehavioraDefenses
The first, yetn classical immunologwidely overlooked strategy to prevemathogenic infection is the

behavioral avoidance of encountering or/and ingesting harmful microbes.

C. elegangs capable of discriminating harmful microbes from food bacteria@spubnd accordingly
by physical avoidanckeeforemounting a physiological response €létteris not only costly? but might
also lead to collateral host damage since reactive oxygen species®@$jion can bearesponse
towards a pathogéh The exactmicrobial cuesvhich are sensed by theorm can bevolatile or water

solublecompoundsmostly deriving from bacterial metabolism {productd’. Examples for bacteria

originated repellents atbe surfactant serrawettin produced ®grratia marcesceffsor the secondary



metabolites phenazirecarbooxamide and pyochelin secreted Rseudomonas aerugind$aBut
there is also indication for an indirect recognitioncejlulardamage being supplementaryrigger of
aversive behavioas norpathogenic bacterigdo not initiate immune behavior while native non

pathogenic bacteria expressing toxin&do

The key players ithemosensoryegulation of pthogen avoidance are the eleven pairsildted
amphid neurons the headf. Some of thenhave been shown teeimplicated intwo neuralcircuits:

the AWB and AWC neurons mediatiee innate olfactory preference for bacteria via expression of
neurotransmitters anteuropeptides, whereaghe ADF neurons anetherresponsible for the avsive
learning response, a behavior of wild type wosngliedon P. aeruginosawhere initial attraction to
the bacterial lawn turnafter a learning phaseto avoidanc&?2 The aversive learning is based on
serotoninsignaling through the tryptophan hydroxylase TRHas the limiting factor in serotonin
synthesi&. Therecognitionof environmental cuesn the molecular levehight be modulated by
superfamily of putative chemoreceptarish more than 1000redicted members, namely the G protein
coupled receptors (GPCRs)ncea reasonable numbés expressed in the amphid neurén©ther
sensoy neurons likewise contribute to thmodulation ofimmune behavigre.g. HECT domain
containing E3 ubiquitin ligasencodinghecwl is expressed in the OLL mechanosensory neurons to

represspr-12°, which in turnis required to promote oxygatependent avoidante

Additionally, as mentioned abov€, elegansnight reacto pathogen exposuregith feeding cessation
which is mediated by thiasulin-like receptor (ILR)pathway’.

PhysicaBarriers
If host and pathogen eventually encounter each etitering the hossihampered by physical barriers
The cuticle as most apparemibstacle provides a thick, impermeable surfadgich should prevent
attachment of pathogenthat attack from the outsidesuch asDrechmeria coniospord or
Microbacterium nematophiluth A morecommon route for pathegs toestablishintestinal infections
in the hosts the mouthThereforeamechanic structure in the second bulb of the pharynx, aglieder
(Figure 1), protects this openingy destroyng sucked in bacteria as first line of digestion but also
defensé’.

PhysiologicaResponset Recognition Processing an@imination
The final defens mechanism is the induction of physiological responses to fight off and clear pathogen
attack. The inducibleimmune response comprises three main steps: (i) the recognition of microbe
associated molecular pattsiiMAMPSs) or damageassociated molecular fparns (DAMPS) by pattern
recognition receptors (PRR (ii) consequent signaling forwarding theceived informationto
transcription factorswhich mediate (iiijexpression oéffectormoleculesthateventuallyeliminate the

intruders. These levels will be discaed in theollowing one by one.



PRRsin C. elegandiave long been a subject of immunological studies since the worm lacks prominent
immune receptors that fulfill the task pattern recognition in higheRUJDQLVPVY LQQDWH LPPX
example, the only dll-like receptor (TLR)orthologueTOL-1 does not hold the crucial function of
initiating antimicrobial peptideAMP) expression upon pathogeerceptionas it does irDrosophila

and many vertebrat¥'sandother PRRs likeNOD-like receptors (NLRsf vertebrateslo not exist at

all®*2, C-type lectinlike domain (CTLD) prteins, which will bediscussedh depth throughout the thesis,

as well aghe aforementioned chemosensory GPORge been proposeas potentiaPRRS4 An
example for the latter is FSHR which is required fodefense against several pathogens and oxidative
stressedut also pathogen avoidancand acts independdytof known inmune pathways in the
intestiné®>¢ More detailedfindings for a function of a GPCR ipahogenrecognition could be
demonstrated byugasti and colleagugshoidentified the GPCR DCARL1 with its endogenoubgand

HPLA (4-hydroxyphenylhctic acid) a DAMP generatedupon disruption of the epidermis by

D. coniosporaor wounding DCAR-1 acts in the epidermis to modulate the expression of AMBagh

the conserved p3@itogenactivated protein kinasdAPK) cascadegeebelow)®’. Together witithe

RIG-I (retinoic acid inducible gendke helicase DRHL (dicer related helicaseyvhich isa receptor

for virus-derived RNA® these twaeceptors arberetofore the only PRREescribed irC. elegans

Despitethe knowledge gap on ho@. elegangecognizes pathogenic attack geveralintermediate
signalingpathwaysactivatingthe expression oéffector molecules have been describad repeatedly
reviewed!®. With regards to the model system used in this studill focuson themostrelevant
pathways impliated in theintestinalhost response Bacillus thuringiensisand P. aeruginosa(see

Pathogens and thdinteractionwith C. elegans andFigure2A).

Figure 2. Interaction of immune signaling components a
translocation of DAFL6. (A) The simplified schementy showsthe
immune signaling cascadeschmain modulators mentioned in the
text. Scheme adapted fromt®“4. (B) Transgenic strain TJ356
carrying the reporter constructlaf-16::GFP. In healthy worsn
DAF16 is present in the cytoplasm (left) but upon infection or
stress (here: heat stress) it translocates into the nuclei (right). Parts
of the mid body of young adults are shown. Pictures were taken
with Zeiss Axio Observer Z.1 (Carl Zeiss AG, JemaaBg by
Marco Grasse. The scale bars indicate 30 pm.
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The principal and most ancientnmune cascades the conserved p38 MAPK pathway with its key
kinase regulators NSYl, SEK1, and PMK1. First describedin 2002 upon infection with
P.aeruginosé! it shortly was shown to be implicated in the defense against a variety of Heanteria
fungal pathogens, efg*“’. Upstream of the p38 cascade abdl-interleukin 1 receptor IR-1, which
contains multiple leucinéch repeatsawell-knownfeature of TLRsn plants and anim&l$ One of the
downstreamtargets of PMK-1 was identified aghe transcription factoATF-7, which expresses
infectioninduced genes upon phospyiation by PMK-1%¢, The p38MAPK requirestheactivation by
a second MAPKbathway, the -dun Nterminal kinase (JNK) casca@esviously shown to bmvolved

in the stress response to heavy metdEK-1 and VHR1 crossregulatethe activity of PMK-1 in
pathogen defen&&®. In the immune response against pfmaming toxins (PF¥), as produced by
B. thuringiensis JNK-like MAPK KGB-1 even seems to be tleentralregulatorfor transcriptional
induction of defensé (Figure2A).

The ILR pathway includingthe receptor tyrosine kinasBAF-2 and the FoxO transcription factor
DAF-16 hasbeen discovered due to its role in longewtyd dauer regulatiott. Interestingly,daf-2
mutants do not only live twice as long &e twild typé&?, but also exhibit resistance against multiple
stresses (e.g. heavy metal, heat, or osmotic &tf8ssand @thogen exposute®®. The activation of
DAF-2 leads to theniactivation of DAF16 in the cytoplasnwhereasdaf-2 deficiency results iran
active nuclear DAR6inducinggene expressiéh In how far DAR16 contributes to resistance against
pathogens or rathgenerdly to stress is not yet clear. Pleading for the latter is the observatiain¢hat
expression ofPMK-1-dependengenesupon infectionis repressed by DAE6 but inducedduring
stres&°. Nonethelessn astudyfrom our group it washown thatDAF-16 directly trandocates to the

nucleusfollowing B. thuringiensisexposuré (Figure2B).

A further signaling cascadthatinteractswith the pivotal p38 MAPK pathwalpelongs as well to the
compartment of stress response management, the unfolded protein responseJfidiiR)athogen
attackPMK-1 mediates in addition to expression of immune effector gémeactivation of the UPR in
order to handle cellulaaccumulationof un- and misfolded proteinsThe UPR is thought to be the
protective force against sethmage caused by AMPs of the immune defén3de p38 MAPK-
dependendactivation of theconservedRE-1-XBP-1 branch of the UPR washownto actin the defense
againstP. aeruginos& andB. thuringiensiglPFT$“ Sunet al, moreover, presented a GPCR in the
amphid neurons, OCTR (octopamine resptor) to suppress theoncanonicalUPR in noaneuronal
tissueindependent of behavioral pathogen avoid&hsaggestingn intervention of the nervous system
in the immune respong€igure 2A). The mitochondrial UPR (UPR) additionally seem$o promote
resistanceby protecting from mitochondrial damage causedblbygteriathat target mitochondrial

processedike P. aeruginosé&.
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After a successful signal transmission from BRI the signaling cascasito transcription factorghe
expressiorof effector moleculess triggered. | willhere focus onAMP expression and give some
examples C. elegansAMPs have been identified mostly by their -upgulation after pathogenic
infection coupled with homology searches for known metazoan antimicrobial peptides and proteins.
Based on thateveralfamilies are considered twld antimicrobial activitybut the exact function has
only been demonstrated fiw protein§®%4 For examplgethe defensidike peptide ABF2 tidentified
through homologywith Ascaris suumantibacterial factors (ASABF%) and consequently named
CeABF-2 or only ABF2 taffects a broad range of gabgens but more stronglgrampositive
bacteri&®. Caenoporesr saposidike proteins (SP$§), share similaritiesvith amoebaporesf the
protozoanparasiteEntamoeba histolyticesSeveral SPPs have been reported to display antimicrobial
activity against a ariety of bacteria, including. aeruginosaandB. thuringiensisused in the present
study, their expressiontprimarily in the intestinetis partially regulated via the ILR pavay?’t°.
Furthermore,genesencodingneuropeptidelike peptides (NLPs) and the closely related caenacins
(CNCGCs) are transcriptionally induced by infection with D. coniospora the nlps additionally by
S.marcescensnfection in both intestinal and epidermal epitiv@h’>"2 Yet, only NLP-31 has been

reported to show antifungal activiggthe protein levein vitro’.

Despite the mentioned exampt#sesearch on AMP characterizatiGnelegan®&MPs remain a poorly
studied group of proteirdue to the lack of functional studiea both the gene and protein level

Pathogens and thelnteractionwith C. elegans

Anotherbenefit ofthemodel organisntC. eleganss the largevariety of infection agentswhich can be
appliedin immunity studiesSinceC. elegandives indecaying organic matter, in other wordicrobe

rich environments?, andas bacteriovoréeeds on the very samexperimentallyintroducing intestinal
pathogens is rather uncomplicatédso many humanpathogens are able to establish infections in the
worm, which allows the investigation oflinically relevanthostpathogen interactiomn vivo. A
considerable diversity of microbesdtaeen used tnfect C. elegansGrampositive, Grarmegative,
fungal, and microsporidiaparasites withintestinal, epidermal, anal, andilval routes of infection,
applying a plethora of killing mechanisth® In our study we employedhe likely natural

B. thuringiensisand human opportunistic pathogBnaeruginosawhich will be introduced in more

detail in the following.

Bacillus thuringiensit the Natural Pathogen
Gramypositive B. thuringiensis(BT) is known especially for itapplicationasbiological pesticide, as
alternative tachemicalpesticide, andtool in genetic engineerintp generatéransgera resistant crop
in agriculturé*™. Thisutilizationit owes to its ability to infecand kill a wide range ohsect taxa such

as lepidopteras) dipterans hymenopteransand coleopterans, séng the purpose as pest contfdl.

12



BT kills throughPFTscalledCry toxins due to their crystalline structyff@gure3A) produced during
sporulation.Secreted by bacteria PFTs bind to host receptors, multimerize and pleoteirgto the

plasma membrareventually causing cell lysis and ion leakabfee soliilization of inactive pretoxins
E\ WKH JXWTV PLOLHX photeslytio Eldsaydd3well &Qe ¥p&cliicryKal e receptor
areinevitableparts of the infection procepsovided by the host after ingestién{Figure3B).

Figure3. PathogenidB. thuringiensiswith spores and crystals v. W&de«[ u} }( ]@) Té&hsmission
electron microscopic picture of single sporulated BT cell taken ffoii®) Scheme of infection by PFTs adapted
from 798L

The host spectrum of each BT strain is determined by its repertdiiny ¢dxin encoding genesndis
based almost exclusively on tpeesenceof the specific toxin recepté®® For instanceCry4Ba is
specifically active againgtipterans such adnophelesandAedes CrylAa against Lepidopterans such

asDiatraeaandChilo®®8 whereas synergistic combinatgomight expand the host spectriiiy.

The BT strans used in the following study are strain BT18247 which producedBat§* and strain

BT407 Cry as norpathogenic counterpart

B. thuringiensigs.C. elegans
More than a decade ago BT was introduced as a patludgeadel organisnC. elegansn order to
study its toxicity on parasitic nematodes, improve the understandl WKH WR[LQV%¥°PRGH RI I
and £most importarly for the C. elegansommunity +to learn nore about thexematodd] Maimune
response twardsthis potentiallynatural pathogeft®* Commonly, the effect of BT toxins towards the
worm is tested bwpplying toxin expressing. coli instead of the complete bacterium or spore. Like
this is has been demonstrated tBateleganss susceptil# to several Cry toxin variarits But only
Cry5B was used taliscover Crytoxin-resistant mutantsyhich wereresistant to CryB® and cross
resistant to CrylA4%. The underlying mutationwere identified in thebre (Bacillustoxin resistant)
genes which encode glycosyltransferasesing involvedin the syithesis of glycolipid receptofs
Thus,the ability of Cry5B and Cry14A expressing BT strains to infeatleganss modulated by these
specific gut receptordilternatively, the glycolipid receptor can be actively blocked(hyelegans

immune defensepromoting resistarecdue to competitive inhibitiorGalectin LEGS8 is expresed in

13



the intestineupon Cry5B exposure and is able to bind to the very same receptors BT requires for

infection, consequently preventing a successful docking of the virulectos fa the host tissdé

Resistanceao exposure withCry5B further requirescomponents othe two aforementioneMAPK
pathways, p38 andNK-like cascad¥, where he formeractivates UPR signaliri§j which in turn
interactswith the hypoxigpathway®. The LR pathway, moreowe is mainly involved inthe response

to Cry6B produced by BT1824ii both physiological and behavioral immusitsF.

Pseudomonas aeruginos$éhe HumanPathogen
Pseudomonadare ubiquitouslyoccurring Grammegative bacteriaoccupyinga variety of different
niches, withP. aeruginosgPA) being the most extensively studgehusmembet® 1%t First described
in 18949 PA quickly becamethe @nter of attention since it is a major threat of injured, burned and
immuno-compromised patients in hospitalead might cause chronjulmonaryinfections in cystic
fibrosis patient¥31%4 Thus, it is not surprising that the most prominAtstrainsresearchs doneon,
PAO1 and PA1l4ogrigindly arosefrom clinical isolatesBoth strains were fully sequencdét®® butthe
more virulentPA14 is nowadayspredominantlysubject of infectiorstudies in a broad range of host
organisms such asplans, insects other normammaian host&’"!! and alsoantibiotic resistance

research?

The ability to infect organisms of such evolutionary divergence mightseciated witthe multiplicity
of virulence factors PA emplo¥/$. Key PA virulence factos are pyoverdinsiderophoregalso the
reason for its characteristic green cphhich sequester iron from the hosaty embattled resourder
redox enzymes among both pemd eukaryoté$’. The most toxic seeted virulence factogxotoxin
A, however, is known to tmibit the protein synthesis of eukaryotic host ¢edigentually leading to cell

death'®15 The wholePA toxin variey has beemeviewedin e.g16:117

P. aeruginosas.C. elegans
PA is the most commonly applied bacterial pathogeg.irlegandgmmunity studie&®. One magpr
convenience of using the nematode as a model is that different PA toxins can be examinedyaocord
the setup of infection. If worms are fed dighr- RVPRODULW\ VROLG PHGLD UHIHUUH
diffusible toxins, such as phenazine pyocyanin&ilklegansZ LWKLQ IHZ KRXUV 360RZ NLOO
on the other hand, on lenutrient media, where PA proliferates in the gut and causesatygymptoms
of infection (e.g.paralysis,distended intestinal lumen) eventually leading to death after several
days!®12% A modification of the latter methdd liquid mediaidentified pyoverdin asajor infectious

agentindependent of thetler previous mentioned factéts

Similar to the immune response to BRry toxins, PA infections activate thenaient p38 MAPK
cascade in crogsilk with the JINKlike pathway?, and additional involvement t¢fietranscription factor

ZIP-2 andthe already mentioned GPGFSHR 1, particularly against exotoxin&. Both slow and fast
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killing can induce theJPR™ as a casequence ofmitochondrialdysfunctiort?, whereas the UPR

activated in anicroRNA-2% but alsop38 MAPK-dependenmannet?. Interestingly, PA is also able to
DFWLYHO\ PDQLSXODWH WKH KRVWTV LPPXQH UHVSRQVH E\ VXSS
thelLR pathway®. PA furtherelicits an aversive learning response as mentioned in seBa@havioral

Defenses.

TheQucialRole of Gtype Lectins inVertebrate Innate Immunity

C-type lectins arealciumdependen{C-type)carbohydratéinding lectins which shamecharacteristic
carbohyiraterecognition domain (CR3* The CRD motif, however, does not necessarily confer
sugar nor calciumbinding activity which is why a more general term, théyge lectin-like domain
(CTLD) protein was introduced®. CTLD proteinsaremainly foundthroughoutmetazoanaxabut also
+although more rarelgpresent in plants, bacteria, and vird&e# innateimmunity theyareof crucial
importance beingnvolved in both, initial pathogen recognition and final pathogen elimination (cf.
PhysiologicaResponsetRecognition,Processing anélimination”).

Gtype Lectin Receptors and theiimmuneSgnaling

C-type lectin receptor@CLRs)recognize MAMPs coming frordiverse pathogens as well RAMPs
released by injured cellRkecognition offungal infectionsis the best studiefunction of vertebrate
CLRs.Dectinl andDedin-2, for exampleconfer protection again§€andida albicangamong othens
the causing agent ofindidiasis in mucosal membratfésy binding tadifferent cell wall components,

-glucan or .-mannoserespectively?®1?® The binding affinity of Mincleand the mannose receptor
(MR) has beershown to be directed against fungi, too, but also against few bacterial species, and
regardingVR even viruses and protozoan parasiest CLRs further have been associated with viral
recognition eitherby promotng (e.g. CLEC5A and dengue vifi§ or counteradbg (e.g. DNGR1
and vaciia virus™) viral infections. The detection of DAMPs, such aadfin and uric acid crystals,
has been attributed to DNGR3**13*and Clec1285, respectivelyFigure4A). Neverthelessn contrast
to therr contributionto fighting fungal pathogenesislassicalCLRsactingin defenseagainst bacterial

infectionsare less described

For sometransmembrane-§/pe lectins theytoplasmicdomaindetermines theirection of signaling:
the immunoreceptor tyrosidesedactivation motif (ITAM)or ITAM-like motif promote subsequent
signaling (e.gof Dectin-1, DNGR 1) while the immunoreceptor tyrosimased inhibibry motif (ITIM)
prevents inappropriate immune responses (&.§1ICL). ITAM -containing CLRsarecoupled to Syk
(spleen tyrosine kinassjgnaling resulting inactivation ofdifferent immune responsebat might
involve MAPK pathwayssuch asthe p38, ERK and JNKcascadesor N~ B. These immune
activations can be negatively regulated by ITdébhtaining CLRs either directly at the ITAM site of

other receptors or at the course of the activating sigriélimgterestingly, CLRs might synergistically
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collaboratewith each other (e.g. Dectihand-2) but also with other types of PRRs (e.g. Dedtiand
TLR2)!13! (Figure4A).

| o ______]|
A B homotrimer multimer
CRD
CRD — 4 CRD
T RN
= i
MICL Dectin-1 Dectin-2  Mincle  MDL-1 DNGR-1 MR a z
collagen-like
CLEC12A CLEC7A CLECEA CLEC4E CLEC5A CLEC9A dornain
cysteine-rich
‘ 1 region

pro-Regllla
trypsin — inhibits cytotoxicity

4 Reglila

monamer in solution)
peptidoglycan
peptidoglycan binding

l pore formation

bacterial
membrane

Figure 4. Examples of ®pe lectins in vertebrate immunity. (A) Simplified scheme o€LRswhich were

mentioned in the text. Shown are the pathogens or endogenous constituents which they are able to recognize,

their Gtype lectin name as well as an alternative name, the domain architecture, and some major signaling
components that lead tactivaion of theimmune responseAdaptedfrom 13739, (B)Domain architectureand
multimerization of MBL. Adapted frorf®14 (C)Model for poreforming process bhuman Zz P///rX (8§ &
activation ofsoluble preZz P///r C SEC%<]vU u Spu& 2Z P///r ]v-posfivébatictdgidoC v }( '
final oligomerization of monomers leads to formation of pofaken fromt42

TheMannosebindingLectin adnducerof the ComplementSystem
Other importantC-type lectirs within vertebrate immunity ar¢he seceted collectins (collagen
containing Gtype lectins). Here, | focus on the mannbgeding lectin (MBL) since it is the major
regulator of the lectin pathwayvhich is next to the classical and the alternative pathway the
evolutionary most ancient pathwiyactivatehe complement systéfd!44 MBL circulates in the blood
serum as a multimer of homotrimers which facilitates binding of more complex liggiguse 4B).
Therangeof infectious agents being regnized by MBL comprises all principal pathogen groups with
specific binding of mannose, fucosand GIcNAc (N-acetytglucosaming (summarized int4149,
Furthermore, MBL isiot onlyable to distinguishdtween self, noselfbut alscalteredselfin the shape
of necroti¢ apoptotic or cancegellst*’14¢ Uponrecognition of these MAMPsr DAMPs,MBL forms
a complexwith MBL-associated serine proteases (MAZPd MASP2at the collagenous regi@nd
is thenable toinducétrigger complement activation. Thus, in interagtiwith the classical pathway
MBL triggers inflammation, lysis and opsonizatitth The crucial role of MBL has been repeatedly
demonstrated aBIBL -deficient patientsuffer from ircreased infection and susceptibility to sepsis

potentially leading to deatts.
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Gtype Lectins aHfector Proteins
Last but not leastertebrateC-type lectins have also been shown talivectly involved in downstream
processes of immunity, such as elimination of pathogéhe.best exampsefor suchC-type lectin
effectos are members of the Regllamily. Reglll in mice (Reglll. in human}, for instancejs
strongly expressed in tltestinal epieliumin a MyD88-dependentmannettriggeredby bacterial gut
colonization and infectidf'-1°2 It interact preferably withGram-positive bacteriaaspeptidoglycaris
aligand but on the contrary is inhibited by lipopolysaccharide (LPS) in the cell wall of @eayative
bacteria. Secreted into the gut lumeReglll attacksbacteria through oligomerization and pore
formation and therebylimits the cobnization of the epithelial sface“?15! (Figure 4C). The close
relative ReglllIEactssimilar to Reglll , but targets to a greater extent Graggative bacteria due to
binding of Lipid A of LPS%3% Thus, tleseC-type lectirs function as antimicrobial proteinandare
thought torepresentin evolutionary primitive innate immune respougginct from lectinmediated

complement activatigrbut critical for maintenance dfie microbiome homeostasis in the H&t>5152

Gtype Lectins inC. eleganand otherinvertebrates

As above exemplagl summarizedor vertebrags (specificallymice and humans}Yhe multifaceted
contribution of Gtype lectingn immunity emphasizes thggnificance of this protein family both he
humoral and cellulaarm of the innate immungefenseand as supplement to adaptive defenBes
CTLD proteinsalso exist invariousinvertebrateaxa g.g.1°°%%), yet, their role in immunity isot as
well explored. Only mgle Gtype lectins havebeen implicatedn promoing immune processe
encompassinghagocytosis, encapsulatiaor, melanization(e.g.*®**y andalso directly in pathogen
clearane (e.g.1%°4%?) Neverthelesshe indispensability of CTLD proteins immune defenses like
vertebrates has not bedemonstrateget. That might not be surprising given the variety of defense

strategies found in invertebratexa alreadyn differentspecied®?

C. elegandasan intriguingly high number of genes encoding CTLD proteinisch are predicted to
be very divers&* The majority of the CTLD protein encoding genele¢s) ae organized in genomic
clusters which hints to a rapidly evolving gene family und#mongselective pressure by -@volving
pathogen$®. Together with heir upregulation upon various pathogenic threats and str&SEeD
proteins have always been considered to be involve@.ielegansimmunity. But still we lack

fundamental knowledge about teeact role they might play in defending the host organism.

A more detailed and thorough discussion about CTLD proteins in invertebrate and particularly in

C. elegangmmunity is provided in the firsthapter
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PhDThesisContent

The current PhD thesis addises the role afecgenes and their encoded proteins as potential regulators

of immunity in the model nematod& elegansThe aim of the study was (i) to question the inevitable

label given taclec JHQHYV DV 3LPPXQH JHQHV™ VHQ ¥lkedaddnmuiXerdeere | X QFW LF
(ii) to systematically screen tlobecgene repertoire in order to extract potential candidate immune genes,

(iif) and ultimately to characterize the selected genes for their specific function in immunity.

Chapter | represents aeviewon 3+LJK ,QQDWH ,PPXQH 6SHFLILFRpedirK URXJK '
OLNH '"RPDLQ 3URWHLQYivesa d&ardd ihthoEUEtdDikYoHME current knowledge of
clecgene and protein functisin invertebrate immunity. It deals with thesig of immune specificity

in invertebrate organisms and suggests CTLD proteins as promising candidates for generating immune
specificity. First compiling the latest findings in representative taxa (insects and crustaceans) the review

then focuses on nemales, which show extreme CTLD gene diversification. Uncovering the largely
unknown functions of invertebrate CTLD proteins requires novel and comprehensive research

approaches, which are discussed in the concluding remarks of the review.

Chapter Il is a mamiscript that is now ready for submission. We here demonstrat€.tekggansclec
genes might function in behavioral defense responses. A survival scieageine knoclout mutants
exposed to bacterial pathogens reveaksistant as well as susceptible phenotypes. The resistance
phenotype correlated with theumber of escaped worms. In a thorough analysis otli®gene
C54G4.4we confirmed that CTLD proteins are involvedGnelegansmmune behaviors.

Another in depthanalysis of oneclec gene is described i€hapter Il , which is a preliminary
manuscript. Infection with sever@l eleganpathogens kedsto the strong wpegulation ofclec4. The
knockout unexpectedly shawd a resistance survival phenotype @ thuringiensis which is
suppressed by additional RNAnhockdown of the twoclec4 paralogsclec4l and clec10. This
indicates that differentlec genes mediate immune responses by interacting with each other.
Furthermore, analysis of the recombinant protginvides indication that CLEG4 binds certain
bacterial pathogens. These results represent an exciting basis for untangling genetic networks within the

clecsuperfamily and discovering potential antagonists of pathogenic intruders.

The chapterAdditional Results comprises obtained data on additiord¢c genes,which were
insufficient to indude in a manuscript. It contanthe initial efforts to find interestinglec gene
candidates by systematic RNAIi screens of the majority ofckbegenes repertoire dnalso more
detailed analyses of selectddcgenesFurthermorethein vivoexpression pattern of sorakecgenes
is shown and all generated transgenic reporter stregnsompiled in a list that alggives information

about the used tragene concenditions and primers
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Abstract

A key question in current immunity research is how the in-
nate immune system can generate high levels of specificity.
Evidence is accumulating that invertebrates, which exclu-
sively rely on innate defense mechanisms, can differentiate
between pathogens on the species and even strain level. In
this review, we identify and discuss the particular potential
of C-type lectin-like domain (CTLD) proteins to generate
high immune specificity. Whilst several CTLD proteins are
known to act as pattern recognition receptors in the verte-
brate innate immune system, the exact role of CTLD proteins
in invertebrate immunity is much less understood. We show
that CTLD genes are highly abundant in most metazoan ge-
nomes and summarize the current state of knowledge on
CTLD protein function in insect, crustacean and nematode
immune systems. We then demonstrate extreme CTLD gene
diversification in the genomes of Caenorhabditis nematodes
and provide an update of data from CTLD gene function
studies in C. elegans, which indicate that the diversity of

CTLD genes could contribute to immune specificity. In spite
of recent achievements, the exact functions of the diversi-
fied invertebrate CTLD genes are still largely unknown. Our
review therefore specifically discusses promising research
approaches to rectify this knowledge gap.

© 2015 S. Karger AG, Basel

Introduction

Animals depend on the specificity of their immune re-
action to efficiently and economically protect themselves
against pathogens. For a long time, the generation of a
highly specific immune response was considered a hall-
mark of adaptive immunity, based on its immense diver-
sity of T and B cell receptors generated by somatic recom-
bination and hypermutation. There is, however, accumu-
lating evidence that invertebrates, which solely rely on
innate defense mechanisms and lack T and B cells, can
differentiate between pathogens on the species and even
strain level [1-3]. Whether and how such high levels of
specificity can be generated by the innate immune system
is one of the main questions in current immunity re-
search.
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A prerequisite for the generation of a pathogen-specif-
ic immune reaction is a repertoire of diversified recep-
tors, which enables the organism to specifically recognize
and respond to different immune challenges. In verte-
brates the well-characterized pattern recognition recep-
tors (PRRs) of the innate system, such as the Toll-like re-
ceptors (TLRs), retinoic acid-inducible gene-I-like recep-
tors (RLRs), and NOD-like receptors (NLRs), recognize
structures that are conserved among microbial species
and mediate a broader pattern of specificity (i.e. on the
level of a particular pathogen group, such as Gram-nega-
tive or Gram-positive bacteria). The diversity of ligand
binding can be expanded by the formation of receptor
homo- or heterodimers and/or the interaction with other
PRR coreceptors, as is well described for mammalian
TLRs. However, in invertebrates, high levels of specificity
(on the species and strain level) are unlikely mediated by
TLRs, NLRs or RLRs, as these are too few in number in
most, although not all (see below), animal species.

There are few examples of the diversification of alter-
native putative immune receptors in invertebrates. The
hypervariable protein Down syndrome cell adhesion
molecule (Dscam), which is generated by alternative so-
matic splicing, was shown to be implicated in the immune
response of insects and crustaceans [4, 5], and suggested
to act as a pathogen-specific recognition molecule. Fur-
ther experimental evidence to support this hypothesis is,
however, still scarce [6]. A high level of genetic polymor-
phism was observed in the immunoglobulin (Ig)-type
variable (V) region-containing chitin-binding proteins
(VCBPs) of the cephalochordate Branchiostoma floridae
[7], and in the Ig domain of fibrinogen-related proteins
(FREPs) of the snail Biomphalaria glabrata [8]. However,
the molecular mechanisms underlying the diversification
of VCBPs and FREPs and their functional significance for
immune specificity are not well understood. Yet another
example of diversification of putative innate immune sys-
tem proteins is the Sp185/333 system in echinoderms,
such as the purple sea urchin Strongylocentrotus purpura-
tus. The members of this highly diverse, novel gene fam-
ily are not homologous to any other known genes, they
are highly upregulated after immune challenge and ex-
pressed in the phagocyte class of sea urchin coelomocytes.
The function of Sp185/333 proteins is unknown. The
high diversification of Sp185/333 genes and proteins is
achieved through different mechanisms, including main-
tenance of high polymorphism, gene recombination and
modifications at the RNA and protein level [9]. Similar
multigene expansions, usually based on repeated gene
duplications that potentially produce high-sequence di-
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versification, were observed for TLR and NLR gene fam-
ilies in the genomes of the sea urchin S. purpuratus [10]
and the lancelet B. floridae [11], but the functional conse-
quence of this diversified repertoire of potential receptors
remains elusive. Here, we argue that another group of
known, yet neglected, PRRs - the C-type lectins — show
surprisingly high diversity in most metazoan genomes
and have the potential to generate immune specificity.

C-type lectins are a family of both soluble and mem-
brane-bound proteins with a characteristic carbohydrate-
recognition domain (CRD) that mediates ligand binding.
The CRD has a distinct protein fold determined by high-
ly conserved residues that form a characteristic sequence
motif [12]. It was first described in Ca**-dependent (‘C-
type’) carbohydrate binding animal proteins (‘lectins’),
but has subsequently been found in many other proteins
that do not bind sugar and/or calcium. Thus, we here use
the term C-type lectin-like domain (CTLD) in its broad-
est sense, as proposed previously [13], and use sequence
similarity to identify genes containing CTLDs in different
metazoan genomes. CTLD proteins have a wide range of
functions and bind a wide variety of ligands, such as sug-
ars, proteins, lipids and inorganic compounds [13].

In vertebrates, CTLD proteins are known to fulfill im-
portant tasks in the immune system by acting as PRRs [for
a review, see 14], as well as effector proteins with bacteri-
cidal activity [15]. As we will demonstrate further below,
CTLD genes are highly abundant in many metazoan ge-
nomes. Yet, our knowledge on CTLD protein function in
immunity mainly derives from the few well-studied verte-
brate CTLD proteins, while the function of the majority of
CTLD proteins is unknown. In invertebrates, it has repeat-
edly been suggested that the diversified CTLD proteins
contribute to immunity, yet exact functional genetic infor-
mation is largely absent and the few exceptions mainly fo-
cus on the assessment of single CTLD proteins. Moreover,
the particular role of CTLD proteins in generating immune
specificity is completely unexplored. Therefore, we require
a systematic research program that aims at elucidating the
role of diversified CTLD proteins in immune specificity.

Here, we highlight that CTLD genes constitute ex-
panded gene families in many metazoan taxa and sum-
marize the available evidence for a role of CTLD proteins
in invertebrate immunity, mainly inferred from studies
on crustaceans and insects. We then turn to the nematode
genus Caenorhabditis, in which several complete ge-
nomes are available, to demonstrate extreme CTLD gene
diversification, followed by a summary of data from C.
elegans that strongly indicate a role of the diversified
CTLD proteins in immune specificity. Finally, we empha-
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Table 1. Number of CTLD genes (proteins) in different metazoan genomes

Species Taxon Genome Total Total InterPro’ Total Pfam' Immune function? Ref. Genome
size, Mb coding  genes genes assembly
genes (proteins), n (proteins), n

H. sapiens Mammalia 3,209.29 20,805 100 (277) 94 (268) e.g. DC-SIGN, DECTIN-1, reviewed in  GRCh37

DECTIN-2, MINCLE, 14,61, 62,73

Langerin (CD207), BDCA-2,

MBL2, COLEC11, MRC-1, MRC-2,

SELP, SELE, SELL, CLEC5A,

CLECSES, DCIR, CLEC9A,

DEC-205, and others
M. musculus Mammalia 2,798.79 23,148 132 (355) 129 (339)  e.g. SIGNRI, SIGNR3, SIGNR5, reviewed in  GRCm38

Dectin-1, Dectin-2, Mincle, 14, 61, 62,73

Langerin (Cd207), MBL-A, MBL-C,

Colecl1, Mrc-1, Mrc-2, Selp, Sele,

Sell, Clec5a, Clecsf8, Dcir, Dcir2,

DNGR-1 (Clec9a), DEC-205, and

others
D. rerio Teleostei 1,412.46 26,459 176 (381) 169 (360) V9
B. floridae Cephalochordata  521.90  30,601° 692 (694) 646 (647) AmphiCTL1 74 v1.0
S. purpuratus Echinodermata 936.58 28,987 293 (303) 241 (244)  SpEchinoidin 75,76 Spur_3.1
A. gambiae Insecta 265.03 12,810 37(99) 33 (93) CTL4, CTLMA2 34 AgamP3
B. mori Insecta 481.82 14,623 21(32) 17 (25) BmLBP, BmMBP 21,26,77 ASM15162v1
D. melanogaster  Insecta 139.49 13,937 56 (96) 48 (84) DL1, DL2, DL3 18-20 BDGP 5
C. brenneri Nematoda 190.37 30,667 319 (320) 159 (159) WS227
C. briggsae Nematoda 108.48 21,936 183 (183) 111 (111) WS224
C. elegans Nematoda 100.29 20,541 283 (288) 166 (185) CLEC-39, CLEC-49, CLEC-79 + see table 2 WS235

9 clec genes (see table 2)
C. japonica Nematoda 166.26 29,964 111 (139) 58 (72) WS227
C. remanei Nematoda 14544 31,4444 292(292) 158 (158) WS185
N. vectensis Cnidaria 356.61 24,773 67 (67) 62 (62) ASM20922v1
A. queenslandica Porifera 166.70 30,060 2(2) 1(1) Aqul
T. adhaerens Placozoa 105.63 11,520 45 (45) 40 (40) ASM15027v1

The total number of CTLD genes are listed for each species.

! The number of genes (proteins) with at least one CTLD were obtained by automatic annotation from the InterPro (v53.0) [16] and Pfam (v28.0) data-
bases [17]. The number of CTLD proteins is higher than the CTLD gene number as it includes different isoforms encoded by the same gene. Proteins with

multiple CTLDs are counted only once.

2 CTLD proteins for which a function in immune defense is supported by experimental evidence. The list is nonexhaustive for human and mouse CTLD
genes, for which gene name synonyms are shown that are commonly used in the literature.

3 Noncurated annotation.

size the current lack of exact understanding of the im-
mune functions of the highly diverse CTLD proteins
across metazoan taxa and define promising avenues for
future research that integrate functional genetic with pro-
tein analysis approaches to rectify this knowledge gap.

CTLD Genes Are Abundant in Metazoan Genomes
and Mediate Immune Responses in a Variety of
Invertebrate Taxa

While CTLD proteins have been shown to fulfill di-
verse and fundamental tasks in the vertebrate immune
system, their function in invertebrate immunity is much
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less understood. This lack of data on CTLD function in
invertebrates is surprising given the fact that genes en-
coding CTLD proteins are present in all invertebrate ge-
nomes sequenced to date and in some cases in very large
numbers. In table 1 we list the available genome sequence
data for some selected species as representatives of the
major invertebrate groups and show the number of CTLD
genes and proteins as provided by the InterPro v53.0 [16]
and Pfam v28.0 databases [17]. CTLD genes are highly
abundant in many metazoan genomes, including, for ex-
ample, 132 members in Mus musculus (the 30th most
abundant gene family in M. musculus) or 283 gene fam-
ily members in the nematode C. elegans (the 7th most
numerous gene family in C. elegans). The CTLD encod-
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ing gene repertoire in the analyzed invertebrate species
varies from two in the sponge Amphimedon queenslan-
dica to more than 600 in the cephalochordate B. floridae
[11]. We also looked for the total number of CTLD genes
in the genomes of nine plant species (Arabidopsis thali-
ana, Glycine max, Zea mays, Oryza sativa japonica sub-
spp., Populus trichocarpa, Medicago truncatula, Triticum
aestivum, Hordeum vulgare and Sorghum bicolor). Inter-
estingly, the plant genomes encode only very few (1-4)
CTLD genes, which further emphasizes that the expan-
sion of CTLD genes in metazoans is remarkable. Experi-
mental evidence of an immune function of most inverte-
brate CTLD-encoding genes is missing, although their
role in immunity is usually assumed. Within the existing
information on invertebrate CTLD proteins, the func-
tional data is biased towards certain insect, crustacean
and nematode taxa. In the following paragraphs, we will
summarize the evidence of CTLD proteins functioning in
the immune defenses of insects and crustaceans, before
focusing on the nematode genus Caenorhabditis.

Insects

Although genes encoding CTLD proteins are numer-
ous in many insect genomes (table 1), research on insect
CTLD proteins has as yet been focused on assessment of
single CTLD proteins from different species. For exam-
ple, only 3 of the more than 50 CTLD-encoding genes in
Drosophila melanogaster were characterized in more de-
tail [18-20]. Several insect CTLD proteins were suggested
to function as PRRs, including those found to mediate
important insect immune defense mechanisms, such as
hemocyte nodule formation, encapsulation, melaniza-
tion and activation of phagocytosis [18, 21, 22]. Most in-
sect CTLD proteins were first isolated from hemolymph
either due to their ability to agglutinate red blood cells
[19, 22], to bind to bacterial cells [21], or were selectively
purified from larval plasma by carbohydrate affinity
chromatography after bacterial challenge [23]. The puri-
fied CTLD proteins were subsequently characterized bio-
chemically in vitro, for example by testing their binding
properties and hemagglutination activities. These pro-
tein-level studies demonstrated CTLD proteins to possess
both broad and more specific binding abilities.

While most studied insect proteins only have one
CTLD, some characterized proteins from lepidopteran
species, such as Bombyx mori [24], Manduca sexta [23],
and the cotton bollworm Helicoverpa armigera [25], have
two CTLDs in tandem. The B. mori multibinding protein
(BmMBP) is an example of an insect CTLD protein with
a broad binding capacity. Each of its two divergent tan-
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dem CTLDs has distinct binding specificities, enabling
the molecule to bind to a large variety of microorganisms
ranging from Gram-positive to Gram-negative bacteria,
as well as yeasts. After binding to its target, BmMBP is
able to trigger cellular immune responses, such as aggre-
gation of hemocytes and nodule formation [26]. The ex-
pression of the four characterized M. sexta CTLD pro-
teins immulectin-1 to -4 is induced upon bacterial expo-
sure in the fat body. Immulectin-1 and -2 function in
activation of the prophenoloxidase [27] and immulec-
tin-3 and -4 act in enhancing encapsulation and melani-
zation [28, 29]. They bind to microbe-associated molecu-
lar patterns (MAMPs) [30] with different affinities and
specificities in vitro. While immulectin-1, -3 and -4 bind
to a broad range of MAMPs, immulectin-2 specifically
binds to lipopolysaccharide [28, 29, 31].

These and other studies provide important informa-
tion on the potential immune functions of insect CTLD
proteins. However, there is hardly any experimental evi-
dence from functional genetic studies on the role of CTLD
proteins in insect immune defenses in vivo. The three ex-
ceptions tested the effect of CTLD gene expression knock-
down or knockout in a lepidopteran, the fruit fly and a
mosquito. RNAi knockdown of the M. sexta CTLD gene
immulectin-2 renders animals more susceptible to infec-
tion with the insect pathogen Photorhabdus luminescens
[32]. The galactose-specific D. melanogaster CTLD pro-
tein DL1, whose expression is induced by injury [19] and
which specifically binds to Escherichia coli and Erwinia
chrysanthemi, but not to the Gram-positive Staphylococ-
cus aureus or the yeast Saccharomyces cerevisiae, aggluti-
nates E. coli and promotes the association of a Drosophila
hemocytes-derived cell line with E. coli [20]. A DLI dele-
tion mutant did not show any defects in antimicrobial
peptide expression after pricking or infection with E. coli,
indicating that DL1 does not participate in the humoral
immune response in vivo, but might still be involved in
cellular immune responses such as phagocytosis [20]. In
a functional genetic screen of about 100 immune candi-
date genes using RNAi in the mosquito Anopheles gam-
biae (Diptera) two CTLD proteins, CTL4 and CTLMA2,
were discovered to affect Plasmodium berghei develop-
ment by acting as negative regulators of the vector’s mel-
anization response to P. berghei ookinetes [33]. In a sub-
sequent genetic analysis [34], CTL4 or CTLMA2 silenc-
ing by RNAI significantly reduced the survival of adult
female mosquitoes infected with E. coli, Enterobacter clo-
acae and Pseudomonadaceae H2.26, but not with S. au-
reus, Micrococcus luteus and Enterococcus faecalis, sug-
gesting a specific role in defense against Gram-negative
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bacteria. CTL4 and CTLMAZ2 expression is induced by E.
coli and S. aureus infection and they both produce a het-
erodimer that is secreted into the mosquito hemolymph
[34].

In summary, while some of the characterized insect
CTLD proteins have the ability to bind to a broad range
of microorganisms or MAMPs, others exhibit more spe-
cific binding properties. Insect CTLD proteins are in-
volved in the activation of cellular immune responses
rather than the humoral immune response, but also act as
opsonization molecules. A direct effector function such
as antimicrobial activity has not been described and their
target signaling pathways are unknown. Overall, the po-
tential immune functions of the high variety of insect
CTLD proteins (table 1) are far from being understood.

Crustaceans

The second most comprehensive data set on inverte-
brate CTLD protein functions comes from research on
crustacean species that are of economic importance, such
as the Chinese white shrimp Fenneropenaeus chinensis or
the Chinese mitten crab Eriocheir sinensis. CTLD protein
research in these species mainly aims at the development
of antiparasitic drugs, as parasitic threats are a particular
concern in crustacean aquaculture. For example, the
white spot syndrome virus infects most of the commer-
cially important shrimp species and can cause major pro-
duction losses [35]. Since CTLD proteins are known to
participate in the immune response of other invertebrates
and since many expressed sequence tags encoding lectins
were identified in cDNA libraries from both healthy and
immune-challenged crustaceans, characterization of im-
mune-relevant CTLD proteins in these economically im-
portant species has been a particular focus of the current
research activities. Comprehensive data sets are thus
available on the molecular cloning, isolation and in vitro
biochemical characterization of purified crustacean
CTLD proteins (either the recombinant or the native pro-
tein), especially from the economically important shrimp
species, as reviewed in depth previously [36]. Like insect
CTLD proteins, crustacean CTLD proteins have repeat-
edly been suggested to act as PRRs in various species.
They can enhance encapsulation, promote phagocytosis
and induce the production of reactive oxygen intermedi-
ates in hemocytes in vitro [36]. In addition, several crus-
tacean CTLD proteins contribute to pathogen clearance
in vivo [37-39].

Interestingly, some crustacean CTLD proteins exhibit
in vitro antibacterial or antiviral activity and are thus as-
sumed to act as antimicrobials. For example, Fc-hsL from
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F. chinensis inhibits the growth of Gram-positive as well
as Gram-negative bacteria and fungi, with the highest ac-
tivity against Gram-positive bacteria [40]. Similarly, the
two E. sinensis CTLD proteins EsLecA and EsLecG pro-
duce antimicrobial activity against both Gram-positive
and Gram-negative bacteria in in vitro growth-inhibitory
activity assays [41]. Most characterized crustacean CTLD
proteins are expressed in the gills, intestine, hemocytes
and hepatopancreas (the counterpart of the fat body in
insects), and are likely to be secreted into the hemolymph
upon immune challenge. Indeed, almost all crustacean
CTLD proteins that have been studied so far show an in-
ducible expression by either bacterial and/or viral patho-
gens. The majority of characterized crustacean CTLD
proteins have one CTLD, the remaining have two [36].
Surprisingly, all studied crustacean CTLD proteins pos-
sess broad binding properties active towards all the bacte-
rial strains tested. One exception might be the Penaeus
monodon PmLec, which binds lipopolysaccharide and
mainly agglutinates Gram-negative bacteria in vitro [42].

Since the genomes of these economically important
crustacean species have not been fully sequenced yet, and
shrimps and crabs have (as yet) not been amenable to ge-
netic manipulation, genomic analyses and functional ge-
netic studies on the crustacean CTLD genes are almost
completely missing. The exceptions are three recent stud-
ies in which expression of crustacean CTLD proteins was
genetically manipulated in vivo. Overexpression of the
CTLD protein PcLec4 from the red swamp crayfish Pro-
cambarus clarkii, which is induced by infection with Vi-
brio anguillarum, facilitated bacterial clearance and in-
creased survival of crayfish infected with V. anguillarum
[39]. Knockdown of the expression of the CTLD protein
MjHeCL from the kuruma shrimp Marsupenaeus japoni-
cus by RNAI caused increased bacterial proliferation in
the hemolymph and led to a change in expression of sev-
eral antimicrobial peptides in hemocytes both in vivo and
in vitro. It was thus suggested that MjHeCL plays a role
in restricting the growth of the hemolymph microbiota
by regulating antimicrobial peptide expression [43]. Sim-
ilarly, the role of another M. japonicus CTLD protein,
hFcLec4, and of FcLec4 from F. chinensis in promoting
phagocytosis by acting as opsonins in hemocytes was sup-
ported by the finding that clearance of the pathogenic V.
anguillarum from the hemolymph was delayed by RNAi
knockdown of hFcLec4 and FcLec4 [44].

Interestingly, FcLec4 and hFcLec4 interact with the
transmembrane protein P-integrin via their N-terminal
domains and this interaction is required for their opson-
ic activity [44]. B-Integrins are known to participate in
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phagocytosis in other invertebrates, such as flies [45].
Shrimp FcLec4 and hFcLec4 may thus act as PRRs recog-
nizing bacteria via their CTLD and their binding to
B-integrin in the membrane of hemocytes leads to cyto-
skeletal reorganization, which induces phagosome for-
mation to ingest the bacteria [44]. This study is one of
only two studies providing the first insight into interact-
ingand signaling partners of invertebrate CTLD proteins.
In the other study, a conserved binding motif for the tran-
scription factor NF-«kB was identified in the flanking pro-
moter sequence of the CTLD gene LvCTL3 from Litope-
naeus vannamei. LvCTL3 contributed to opsonization
and thus marking bacteria and cells for phagocytosis. De-
letion of the NF-kB binding site led to the abolishment of
LvCTL3 expression, suggesting its regulation by NF-kB.
This finding represents a first step towards the incorpora-
tion of CTLD proteins into the poorly understood im-
mune signaling network in crustaceans [46].

Taken together, the functional role of several crusta-
cean CTLD proteins was inferred at the protein level by
isolating the respective proteins and biochemically ana-
lyzing their physical interaction with microorganisms or
MAMPs in vitro. Almost all crustacean CTLD proteins
are able to bind to a broad range of microorganism and/
or MAMPs. They seem to be involved in the activation
of cellular immune responses, such as encapsulation and
phagocytosis, as well as in the direct elimination of
pathogens by exhibiting bactericidal activity. However,
the actual number of genes encoding CTLD proteins,
their genomic and structural organization, and the un-
derlying impact on the specificity of the interactions
with microorganisms remains unknown due to the lack
of genome sequences and further experimental analysis.
Particularly, studies of the protein function in the con-
text of the whole organism inferred from altered gene
products, such as mutant or overexpression phenotypes,
are rare.

CTLD Genes Are Extremely Diversified in
Caenorhabditis Genomes

The nematode genus Caenorhabditis provides an im-
pressive example of extreme CTLD gene diversification.
This was previously noted for the model nematode C. ele-
gans [47], which possesses 283 CTLD genes (clec genes)
in its genome (online suppl. table S1; for all online suppl.
material, see www.karger.com/doi/10.1159/000441475;
note that this is an updated number and thus different
from the previous report due to further improvements of
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the whole genome sequence). Of the 283 clec genes, 81%
are predicted to have a signal peptide [48] and are thus
likely secreted proteins, highlighting a particular role of
the CTLD proteins in the pseudocoel, in the intestinal lu-
men and/or as components of the secreted cuticle. In con-
trast, 21% of the 283 clec genes possess membrane-span-
ning properties, suggesting that these function as compo-
nents of cellular membranes. clec gene evolution is likely
highly dynamic and subject to repeated duplication
events, as indicated by their genomic localization in clus-
ters (125 out of 283, equivalent to 44%; online suppl. table
S1) and the high phylogenetic similarity of the genes
within a cluster [47]. It is possible that the repeated dupli-
cations are favored by pathogen-mediated selection if clec
gene duplicates allow the worm to recognize and/or elim-
inate a larger variety of pathogen strains [47].

In recent years, complete genome sequences became
available for additional Caenorhabditis species, allowing
cross-species comparison of clec gene diversification.
Next to C. elegans, four additional species have compara-
tively well-annotated genomes, namely C. briggsae, C.
remanei, C. brenneri and C. japonica. These five Cae-
norhabditis genomes contain between 111 (C. japonica)
and 319 (C. brenneri) clec genes (online suppl. table S2).
Overall, the largest group of Caenorhabditis clec genes are
those with a single CTLD, making up half of the CTLD
genes in three of the five analyzed Caenorhabditis species
and approximately one third in the remaining two spe-
cies. With one exception (C. japonica), at least one third
of the Caenorhabditis clec genes also have additional do-
mains. These include the complement Clr/Cls Uegf
Bmp1 (CUB) domain, the conserved cysteine and trypto-
phan residues (CW, also called PAN-3) domain, or the
von Willebrand factor type A (VWA) domain. The joint
presence of one or multiple CTLDs with other domains
in one protein could indicate possible functions in im-
mune signaling. Moreover, several clec genes (27% of all
clec genes for C. remanei, 24% for C. elegans, 23% for C.
briggsae, 19% for C. brenneri and 10% for C. japonica)
encode proteins with more than one CTLD within the
same protein. Such internal domain duplications might
increase protein versatility; BmMBP from B. mori is one
example for a tandem repetition of CTLDs that leads to
extended binding abilities [26].

The majority of the Caenorhabditis CTLD proteins are
predicted to be secreted. Besides having a putative cell-
autonomous recognition function, these secreted CTLD
proteins might act as highly specific immune effectors
eliminating pathogens in analogy to the vertebrate lectins
that are part of the complement system [49].
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In summary, clec genes show a remarkable diversity in
Caenorhabditis species, encoding secreted and mem-
brane-bound proteins with one or multiple CTLDs, as
well as multidomain proteins. The binding capabilities of
CTLD proteins are potentially enlarged by repetitions of
CTLDs within one protein. An additional functional di-
versification is conceivable at the protein level through
dimerization or oligomerization of the CTLD proteins, as
previously reported for CTLD proteins from other organ-
isms such as CTLD protein homodimers, heterodimers
and oligomers in humans and snakes [13], or the het-
erodimer CTL4-CTLMAZ2 in A. gambiae [34]. CTLD pro-
tein-protein interactions might have synergistic effects
on CTLD binding specificity (i.e. two or multiple CTLD
proteins are able to generate a higher degree of specificity
if they interact with each other and with other proteins
than if they act alone) and can potentially further increase
the diversity available at the genetic level. Such synergistic
interactions between CTLD proteins are, however, cur-
rently unexplored for the Caenorhabditis taxon and for
invertebrates in general. Taken together, the Caenorhab-
ditis CTLD proteins are particularly diverse and may thus
be able to mediate immune specificity at both the level of
pathogen recognition and elimination.

CTLD Proteins in C. elegans Show Potential for
Generating High Immune Specificity

The most comprehensive data on clec gene function is
available from the model nematode C. elegans. Some of
the data strongly suggests that clec gene diversity could
indeed contribute to immune specificity.

C. elegans clec Genes Are Differentially Regulated

following Pathogen Infection

A large number of previous transcriptome studies in
C. elegans demonstrate that putative immune recognition
and effector gene families, such as the clec, lysozyme (lys
and ilys) and caenopore (spp.) families, show pathogen-
dependent activation upon infection [47]. Because of
their extreme diversification, the clec genes have the high-
est potential to generate immune specificity. Of all C. ele-
gans clec genes, 84% (237 out of 283) are differentially
expressed following an infection with pathogens; 104 clec
genes are only upregulated, 103 clec genes are both, up-
and downregulated (online suppl. table S1), and 30 clec
genes are only downregulated upon pathogen exposure.
Importantly, some C. elegans clec genes are only differen-
tially expressed in response to a specific pathogen, sug-
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gesting their highly specific regulation. In contrast, other
clec genes are differentially expressed after infection with
several pathogens. For these genes, gene induction does
not appear to be influenced by general pathogen charac-
teristics, such as the route or site of infection (e.g. the epi-
dermis or intestine) or general pathogen surface proper-
ties (e.g. no obvious difference between Gram-negative or
Gram-positive bacteria). Instead of these broader pat-
terns of specificity expected to be common for innate im-
munity, a highly specific pattern of regulation is displayed
(fig. 1a). For instance, clec-67 shows upregulation upon a
relatively broad range of pathogens, including both
Gram-positive and Gram-negative bacteria, whereas clec-
165 is induced only by the Gram-negative P. luminescens.
Other clec genes are specifically downregulated, such as
clec-273 by infection with the Gram-negative Xenorhab-
dus nematophila (fig. 1a). Interestingly, clec genes within
a genomic cluster are not coexpressed, but seem to under-
lie regulation at the individual level. For example, clec-58,
clec-59, clec-60, clec-61 and clec-143 lie within a cluster on
chromosome II and have the same domain architecture.
However, clec-59, clec-60 and clec-61 are differentially ex-
pressed after infection with several pathogens, while clec-
58 has so far not been shown to be differentially regulated
upon pathogen exposure, and expression of clec-143 is
only induced following infection with P. aeruginosa. Dif-
ferent expression of clec genes within a genomic cluster
might further indicate functional diversification.

C. elegans clec Genes Function in Pathogen Resistance

Our knowledge of the actual function of CLEC pro-
teins in C. elegans is still in its infancy and it is as yet un-
known why so many clec genes are down- or upregulated
after exposure to pathogens. Few studies have tried to fur-
ther elucidate the exact involvement of clec genes in C.
elegans immunity by using functional genetic approaches
and as yet only one study could confirm a role for CLEC
proteins in pathogen binding (table 2).

The most common approach, which is taken to further
analyze the function of clec genes, is survival analysis of
either the respective clec mutant or clec RNAi-treated
worms [49, 50]. In some studies, survival analysis was
combined with the generation of transgenic C. elegans
strains carrying a transcriptional clec gene reporter and
the subsequent analysis of spatial as well as infection-in-
duced expression patterns in vivo [51-53]. These studies
demonstrated that most of the investigated clec genes are
expressed in the intestine (fig. 1c), where most bacterial
infections take place (fig. 1b), and that some clec genes are
indeed required for resistance against infection (table 2).
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